Future sea-level rise will increase coastal flood risk in the U.K., yet the hazard uncertainties associated with such future risk estimates have not been fully explored. The sensitivity of coastal flood-risk mapping to future uncertainties was investigated by propagating ranges of plausible parameters through a LISFLOOD inundation model of a significant historic flood event to the North Somerset (U.K.) coast. Mean sea-level rise (including land movement) was found to have the greatest effect on the extent of flood inundation. Analysis of the latest research into the future storm-surge climate of the U.K. indicates no change above natural variability, thus, future, extreme water-level estimates (for the U.K.) should be based on observations and not Regional Circulation Models until research indicates otherwise. Evidence suggests that the current approach of forcing the inundation model with an extreme water level of a constant return period is incorrect. This uncertainty of the peak storm tide height along the coastline had a significant effect on our results. We present a new boundary-forcing technique to force the inundation model with (method C), based on the spatial characteristics of real events, which can account for the natural storm-surge variability. Indeed, if sea-level rise is included with method C, a great deal of the uncertainty surrounding such a future flood-hazard estimate can be quantified and communicated clearly and effectively.
INTRODUCTION
During a coastal, extreme water-level event, the peak height of the still water level (i.e., excluding waves) is referred to as the storm tide. Excluding wave effects, the storm tide is a combination of mean sea level (MSL) above some datum, tide, and storm surge (Pugh, 1996) , all of which vary spatially because of bathymetric, topographic, and other local-scale effects. When the storm tide is at an extreme level, it can overtop coastal defences causing flooding that damages industry, infrastructure, and homes. In severe cases, these extreme storm tides can result in the loss of life, such as occurred during the 1953 southern North Sea flood, where a storm tide was responsible for more than 2000 deaths (see McRobie, Spencer, and Gerritsen, 2005) . Global (IPCC, 2007) and local (Woodworth et al., 2009) rises in MSL during the coming century will elevate extreme water levels, which will increase the risk to coastal properties and infrastructure. The latest research on climate projections (Bengtsson, Hodges, and Keenlyside, 2009; Lowe et al., 2009) concludes that the statistical significance of any trend in the storm-driven component of extreme sea level is small around European coastlines, yet there is still a great deal of uncertainty in that projection.
To determine current and future flood-risk inundation models, based on depth-averaged shallow water, equations (e.g., LISFLOOD-FP, Bates, Horritt, and Fewtrell, 2010; TELEMAC, Galland, Goutal, and Hervouet, 1991; TUFLOW, Syme and Apelt, 1990) are typically used to simulate coastal flooding inland of coastal defences. However, before meaningful future flood-hazard estimates can be made, uncertainties associated with such methods need to be quantified. In this article, we examine the relative effect of four key uncertainties in future, coastal flood-risk estimates: two of these (roughness and choice of external boundary condition) relate to the inundation model; the other two (mean sea level and future storm surges) are climatic. We quantify these uncertainties using a case study of the December 13, 1981, Bristol Channel storm tide (Proctor and Flather, 1989) , which inundated approximately 12 km 2 in North Somerset, and cost £20 million in today's economy (Clark and Ralph, 1982; Smith, 2008) . This region has the potential for more extensive coastal flooding if a storm tide similar to that of January 30, 1607, were to occur again (Horsburgh and Horritt, 2006) . The future flood risk to the Somerset region has recently been investigated by Purvis, Bates, and Hayes (2008) ; however that study examined only the effect of uncertainty on mean sea level rise in its flood risk estimates.
The main internal parameter (for a given hydraulic forcing) is the correct simulation of flood-wave propagation through the interdependency of model resolution (and accuracy) and bottom friction (e.g., Brown, Spencer, and Moller, 2007) . We assume that the roughness-coefficient choice is the greatest uncertainty within inundation modelling because the Digital Elevation Model (DEM) was constructed from high-accuracy Light Detection and Ranging (LIDAR) data and 50 m resolution is adequate for rural flood plains (Aronica, Bates, and Horritt, 2002) . This roughness parameter represents flow resistance due to various sources of energy loss and, hence, controls floodwave propagation (Hunter et al., 2007) . Roughness parameters have been successfully derived for a range of land-use types (Chow, 1959 ), but such a priori values are usually not sufficiently precise to optimally match available observations, so are typically adjusted during model calibration (e.g., Werner, Blazkova, and Petr, 2005) . Other modelling choices (e.g., choice of grid size) typically have a lesser effect on predicted depths and are usually compensated for during calibration, so are not considered further here.
Inundation models require a forcing boundary condition of storm-tide heights. Two dimensional flood-spread inundation models (e.g., LISFLOOD) have an open boundary along the shoreline, which is forced by a water-level time series that can vary spatially because storm-tide heights vary along a coastline because of the complexity of local bathymetry and topography. Inundation models of historical flood events can take advantage of observed heights along a coastline and interpolate the values linearly to determine the boundary conditions (peak storm tide height along the coast), yet this approach is not available for modelling flood hazards in future climate scenarios. Commonly (e.g., Bates et al., 2005; Dawson et al., 2005; Hall, Sayers, and Dawson, 2005) , future flood hazard inundation models force the open boundary (the shoreline) with an peak extreme water level (EWL) and a constant, associated probability of exceedence, referred to as the return period, such as the ''1 in 200-year flood.'' These EWL values are derived using joint-probability methods based on extreme-value theory (see Coles, 2001) . Therefore, inundation modellers can use tide gauge-derived EWL return curves (e.g., Dixon and Tawn, 1997 ) and interpolate the peak water level for a specific scenario (such as the 200-y EWL) along the coastline. However, during an actual storm event, we propose the storm tide will not exhibit a constant return period along a coastline, as discussed in other studies (e.g., Battjes and Gerritsen, 2002; McInnes et al., 2002 McInnes et al., , 2003 . In this article, we expose the deficiency of simply interpolating a uniform return period of an extreme water level along a coastline and propose an improved method of deriving an open-boundary condition, which characterises the local, spatial characteristics of storm tides for a given coastline and is based on long records from hydrodynamic numerical models.
Global MSL is predicted to rise by 18-59 cm by 2100, depending on social, oceanic, and atmospheric reactions to carbon dioxide emissions (IPCC, 2007) . Studies based on parametric relationships between global sea level and global mean air temperature (e.g., Grinsted, Moore, and Jevrejeva, 2009; Ramstorf, 2007) suggest that rises of greater than 1 m cannot be ruled out completely. Although there is a great deal of regionally variability in the measured values, mean sea levels around the U.K. exhibit rises that are mostly consistent with the global figure (Woodworth et al., 2009) . The recent U.K. Climate Projection (UKCP09) report (Lowe et al., 2009 ) put forward a low-probability sea-level range (denoted H++) for contingency planning purposes (93 cm to 1.9 m by 2100). The uncertainty in this future mean sea-level rise will affect any future exceedence probability and thus flood risk (e.g., Purvis, Bates, and Hayes, 2008) ; however, the relative sensitivity to the magnitude of flood risk, compared with other uncertainty sources, is unknown.
The final uncertainty we consider is the future stormsurge climate of the region, which will affect future extreme water-level estimates. This is typically deduced by cascading atmospheric information from a global scale general circulation model (GCM) of climate, through a regional climate model (RCM) that can simulate mesoscale meteorological processes, to regional hydrodynamic surge (or wave) models. This methodology has been applied previously to U.K. waters by Lowe, Gregory, and Flather (2001) ; Woth, Weisse, and von Storch (2005) ; and Debernard and Roed (2008) . All previous studies have found that centennial changes in extreme water levels are only marginally significant (i.e., are of the same order as the natural climatological variability). The latest storm-surge climate projections for the U.K. (Howard and Lowe, 2010; Lowe et al., 2009 ) address several deficiencies of previous studies and adopt a perturbedparameter approach, where, instead of taking a single estimate for key atmospheric parameters, the uncertainty in those parameters is treated explicitly. In this article, we use the spread from that 11-ensemble member model (11 parameter variants of the HadRM3 Regional Climate Model [RCM] , http://ukclimateprojections.defra.gov.uk) during the full period 1951-2100 as a measure of future storm-surge climate uncertainty.
The aim of this article is to quantify some of the major sources of uncertainty for future flood-risk estimates and to establish their relative importance. To do this, we propagated a range of plausible values into a 2-dimensional (2D), depth-averaged inundation model and then analysed the differences in flood extent and resultant damage. We used an existing LISFLOOD-FP inundation model of the North Somerset region (Purvis, Bates, and Hayes, 2008) , which had been validated (Smith, 2008) for the 1981 flood event (December 13, 1981, Bristol Channel flood).
METHODOLGY LISFLOOD-FP Inundation Model Configuration
The LISFLOOD-FP model is a 2D finite-difference inundation model (see Hunter et al., 2007) , where flood wave propagation is controlled under the forces of gravity and frictional terms (Manning's roughness coefficient), resulting in fast computational times (Bates, Horritt, and Fewtrell, 2010) . The LISFLOOD-FP model has been widely and successfully used in coastal inundation studies (e.g., Bates et al., 2005) and was selected here as a typically used scheme. It should be noted that other inundation models could have been used equally well and would be expected to give similar results to those described here.
The location and topography (from 2002 LIDAR measurements) of the North Somerset region can be seen in Figure 1 . The topography was transformed into a regular 50-m DEM grid, adequate for rural floodplains such as this region (see Aronica, Bates, and Horritt, 2002) , with coastal defences redigitised into the DEM (see Purvis, Bates, and Hayes, 2008) . A Manning roughness coefficient of 0.018-0.09 was employed for the 1981 flood simulation, simplified from Smith (2008) , to cover land-use types (i.e., pasture or urban land). Simulation times were always 6 hours to cover the period of high water, with an initial time-step of 1 second and the latest code compilation (see Bates, Horritt, and Fewtrell, 2010) , giving computation times of less than 7 minutes. The accuracy of the 1981 flood resimulation was shown to have an overall prediction accuracy of 85% by Smith (2008) . However, the wave overtopping and breaching that was observed during the 1981 event is omitted in this study because it does not contribute to the future uncertainties being investigated.
The sensitivity of the inundation simulation to the major sources of uncertainty was examined for the 1981 flood event. The choices of plausible parameters are described in detail in the remainder of this section. The range of conditions for the full set of inundation simulations performed are summarised in Table 1 . We determined the inundation sensitivity to the three key uncertainties of roughness parameter, choice of boundary condition, and mean sea level rise (but not to storm surge, as we explain later). As Table 1 shows, we then calculated the maximum and minimum inundation extent and the hazard, based on cascading these uncertainties through the inundation model.
Sensitivity to Choice of Roughness Parameter
To test the full sensitivity to the roughness parameter, the 1981 flood event was simulated using a uniform roughness of 0.09 (maximum friction, minimum inundation scenario) and 0.018 (minimum friction, maximum inundation scenario) throughout the inundation domain, based on the simplified values determined by Smith (2008) and Chow (1959) . The interpolated, observed, peak water level (see next section) was used as the boundary forcing condition (method O).
Sensitivity to Methods for Prescribing the Water Elevation at the Inundation Model Open Boundary
The water-level time series at the LISFLOOD-FP open boundary (the blue line in Figure 1 ) used by Smith (2008) to simulate the 1981 flood was derived from three observations of peak water level, linearly interpolated along the coastline length. Sea level values are available from two tide gauges: 8.93 m at Avonmouth, U.K., and 7.4 m at Hinkley Point, U.K. (the location can be seen in Figure 2) ; and a less-accurate estimate was garnered from a so-called wrack mark (the trash line produced during a flood event; relative location shown in Figure 3 ) at Kingston Seymour, U.K. (8.28 m). All elevations are with respect to Ordnance Datum Newlyn (ODN). We refer to this technique of deriving a boundary condition as method O (''observations''), and we use it as a benchmark for comparison with other methods of prescribing the open boundary elevation.
We introduce three alternative methods for interpolating or deriving an open boundary condition. The simplest of these is interpolating linearly among the more reliable observations of the tide gauges (i.e., neglecting the wrack mark). This method, we refer to as method L (''linear''). This is essentially the same as method O; the distinction is primarily which peak waterlevel data are chosen as reliable. Note that neither of these methods is helpful when conducting inundation studies in future climate scenarios, where observations will not be available. In situations where no observations are available, many inundation modelling studies assume a constant return period along a moderate length of coastline to provide a boundary forcing condition (e.g., Purvis, Bates, and Hayes, 2008) . We refer to this as method E (''extreme values''), and for the 1981 flood, we linearly interpolate (along the coastline) the 1:250-year, extreme water-level estimate (Dixon and Tawn, 1997) at Avonmouth, U.K. (8.95 m), and Hinkley Point, U.K. (7.85 m). This is because the 1981 storm-tide height at the Avonmouth tide gauge (8.93 m) equates to approximately a 1:250-year extreme water level, based on the Dixon and Tawn (1997) estimate. The observed 7.4 m at Hinkley equates to a return period below 10 years, based on the same statistics; hence, although we have already stated reasons why method E is not recommended, we carry out the inundation simulations to demonstrate the point.
To overcome this problem, we propose a new approach; method C (''characteristics''), based on the spatial characteristics of a large number of observed storm tides in the region. This develops an average, spatial, storm-tide height relationship conducive to very high storm tides (from the operational storm surge forecast model), which should account for local spatial variation due to effects such as coastline aspect, topography, and bathymetry (for a review see Pugh, 1996) . Therefore, this spatial relationship of storm-tide height can be applied to a future extreme water-level estimate derived at one location (e.g., Avonmouth) to give the estimated storm-tide height along the coast based on a large number of similar events instead of one historical event (e.g., methods L and O).
The new method calculates the average difference between the observed, peak storm-tide height at the Avonmouth, U.K., tide gauge, and that height predicted by the nearest five computational cells in the Bristol Channel (see Figure 2 ) of the U.K.'s operational storm-surge model (CS3X; see Flather, 2000) for a subset of extreme events in the model's hindcast archive period (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . Differences (Avonmouth tide gauge level 2 model-cell predicted water height) were calculated for all events when the peak water level at Avonmouth, U.K., was more than 15% higher than the mean high-water spring (MHWS) tide. The MHWS level, 7.81 m, corresponds to approximately the 1-year return level estimated by Dixon and Tawn (1997) . The dates of events thus selected are listed in Table 2 , and the calculated differences are shown for each model cell in Figure 2 . There was no significant linear correlation between the modelled and observed sea-levels (see R 2 values of Table 2 ), most likely because of natural variability (i.e., storm track variation, tide-surge interactions, etc.). Therefore, the mean offset was used for each cell to describe the spatial variation of the storm-tide height in the Bristol Channel (relative to Avonmouth), U.K., during large storm tides; hence, the offsets at each of the five cells were interpolated along the North Somerset coastline using a combination of linear and nearest-neighbour approaches, as shown in Figure 3 . This generated an offset that could be applied to a future, extreme water-level scenario (at Avonmouth, U.K.) to prescribe an open-boundary condition to force the inundation model to determine the resultant inundation of such a scenario.
The storm surge model (CS3X) runs four times per day as part of the U.K. Coastal Monitoring and Forecasting System (http://www.environment-agency.gov.uk/research/policy/ 116129.aspx) and is extremely well validated during storm events (e.g., Horsburgh, Flowerdew, and Mylne, 2008) . However, there will be some error associated with the difference between modelled and observed water levels because of the 12-km resolution of the storm-surge model. This is shown by the 0.55-m offset at the model cell, which includes the Avonmouth tide gauge (cell C), because the cell centre is about 6 km away from the Avonmouth tide gauge and not within a sheltered tide-gauge location (i.e., not an ''open'' coastline). Therefore, the mean offset calculated at each cell was calibrated such that model cell C (closest to Avonmouth) is zero. A finer storm-surge model could reduce some uncertainty if wave setup (and the spatial variation of) was also included; however, no such archive exists for the U.K., but this is scope for future work. Nevertheless, the associated error is assumed to be much less than the errors caused by assuming a storm tide of constant return period along a coastline (method E). Indeed, the variation associated with the offset (71% to 76% of data points are within 1 standard deviation [SD] of the mean; see Figure 2 ) is most likely the natural variability of extremes (e.g., storm track, wind direction) and, hence, becomes a quantifiable measure of spatial storm-tide uncertainty.
The resulting estimate of the peak storm-tide, height along the North Somerset coast for methods O, L, and E interpolation approaches are compared with method C (offset applied to the 1981 observed water level at Avonmouth, U.K.; 8.93 m) in Figure 4 . Assuming a sinusoidal water-level time series (period, 12.4 h), these approaches were transformed into a spatially varying water-level time series and used to force the open boundary (the blue line of Figure 1 ) of the LISFLOOD-FP model (assuming calibrated roughness values; Smith, 2008) . The difference in resultant inundation represents the uncertainty due to the model's open boundary condition for flood risk in future scenarios. The peak water level is assumed to be coincident along the North Somerset, U.K., coastline because the tidal characteristics of the Bristol Channel have the nature of a standing wave; thus, the times of high water greater than the LISFLOOD-FP boundary differ by less than 10 minutes.
Sensitivity of Mean Sea-Level Rise Projections
The sensitivity of modelled inundation extent of expected rises in the mean sea level was tested by adding 0.18, 0.59, and 
Sensitivity to Future Storm-Surge Climate Uncertainty
To quantify the range of future uncertainty in storm-surges' contribution to extreme water levels, we used output from the 11-member ensemble-coupled climate model-surge model results, forced by the Special Report on Emission Scenarios (SRES) A1B emission scenario (Howard and Lowe, 2010; Lowe et al., 2009 ). The hydrodynamic model used in this work was a version of the operational surge model described previously in this article (CS3X). The best metric of storm surge is the skew surge (de Vries et al., 1995; Sterl et al., 2009) , which is simply the difference between the level of the predicted high water and the observed high water, irrespective of differences in timing. It is the preferred surge diagnostic for the Dutch operational system and is of far greater practical significance than maximum residual because properties of the residual time series are merely due to small changes to the timing of predicted high water (Horsburgh and Wilson, 2007) . Basic statistics were calculated for all skew surges greater than 1 m from the numerical-model output for all ensemble members at the model cell closest to the Avonmouth tide gauge (cell C; see Figure 2 ). The UKCP09 (Lowe et al., 2009) surge results for mean and maximum skew for all ensemble members have been summarised in Table 3 , where output from the coupled climate model-surge model has been divided into three equal periods (1951-2000, 2001-49, 2050-99) to allow a comparison of the statistics. The results from this basic statistical analysis meant surge uncertainty from future skew was not propagated into the LISFLOOD-FP model, as discussed in the ''Results'' section.
RESULTS

Future Storm-Surge Climate Uncertainty
The mean values of the Avonmouth UKCP09-ensemble skew surge (e.g., the averages of the mean surges within each period), for both the mean and maximum skew surges of all ensembles for three equal periods, are summarised in Table 3 . The results from this simple analysis indicate no significant changes in the mean of large (greater than 1 m) skew surges for future decades, according to this coupled climate-surge model simulation. Likewise, there is no change in the maxima averaged across the ensemble for each period. The largest skew surge obtained actually decreases significantly from 2.68 m, during the period 1951-2000, to 1.86 m in the period 2050-99. A detailed analysis of the data summarised in Table 3 shows that the range of skew-surge heights decreases in the future, with slightly more large events per year but with considerably reduced variability in magnitude. A similar trend was found in all CS3X model cells of the Bristol Channel, U.K., from unpublished work.
In UKCP09 (Lowe et al., 2009) , it was reported that, for most of the U.K. coastline, there were no significant changes to storm-surge return levels between now and 2100. However, a small, but significant, increase in the 50-year return-period surge was found for the southwest of the U.K. (which includes our study region). Our analysis, summarised in Table 3 , suggests the opposite: There are no significant changes with time to ensemble mean properties, and the largest skew surge obtained within a 50-year block of the model run actually decreases in the future. Accordingly, based on these findings and other future storm-surge climate studies (e.g., Bengtsson, Hodges, and Keenlyside, 2009; Lowe, Gregory, and Flather, 2001; Woth, Weisse, and von Storch, 2005) and observations (e.g., Langenberg et al., 1999) , it is not necessary to include the effect of changing storm-surge climate in future coastal-flood risk estimates because uncertainty appears to be less than natural variability.
Sensitivity to Roughness Parameter Choice
Assuming a uniform roughness throughout the model domain, based on the minimum (0.018) and maximum (0.09) values, the 1981 ''observed'' storm tide (method O) was used to force the LISFLOOD-FP model. The resultant inundation difference is shown in Figure 5A as a progressive flood plot with the inundation extents overplotted in order of magnitude (i.e., the blue shading shows the lesser inundation extent scenario of n 5 0.09, and the red shading of n 5 0.018 shows the extent beyond the blue-shaded scenario). The overall inundation difference between the two scenarios is calculated as 3.3 km 2 . This result is dependent on the magnitude of inundation (thus, the storm-tide height); therefore, we also applied this sensitivity test, combining the uncertainties of sea- Table 3 . Summary statistics of the simulated, climate-surge skew for the closest model cell to the Avonmouth, U.K., tidal gauge (cell C, Bristol Channel) for the entire 11-member ensemble of the HadRM3-CS3X UKCP09 projections for each 50-y period.
1951-2000 2001-49 2050-99
Minimum mean surge across all 11 members (m) level rise and the method used to determine the boundary forcing condition along the coastline, as discussed in the ''Combined Uncertainties'' section later.
Sensitivity to the Methods of Prescribing the Open-Boundary Condition
The three interpolation approaches (methods L, E, and C) were compared with the observed 1981 storm-tide height (method O) used by Smith (2008) , by forcing the Smith (2008) North Somerset LISFLOOD-FP model. No wave overtopping, wave setup, or coastal defence breaching was included within the inundation model for this work because of the difficulty of validation, and that was not the remit of our study. Therefore, the inundation extent simulated by method O will not match that observed (Clark and Ralph, 1982) or that simulated by Smith (2008) . Nevertheless, the inundation difference between each of these approaches to forcing conditions is assumed to represent the current uncertainty of storm-tide height along the coast, used to force an inundation model for a future stormtide scenario. The inundation difference simulated by each approach to the boundary-forcing condition is shown as a progressive flood plot in Figure 5B .
Method E resulted in the largest storm-tide height estimate and thus the greatest inundation extent (8.9 km 2 ). Coastal flood defences are designed to withstand a 1 in 200-year extreme water level event along the coastline (see Dixon and Tawn, 1997) and because the storm-tide estimated with method C is below the coastal flood-defence heights, no inundation was simulated. The absence of inundation with method C, when the 1981 storm tide resulted in inundation, is not only because defence heights in the DEM (defences were redigitised) were raised between 1981 and 2002 (see Purvis, Bates, and Hayes, 2008; Smith, 2008) but also because of the omission of wave overtopping and defence breaching. The overall inundation difference for the boundary-condition choice-sensitivity test (between the different boundary condition approaches) was calculated to be 8.9 km 2 . This result will be affected by the uncertainty of sea-level rise and the choice of roughness parameter (which is explored with in the ''Combining Uncertainties'' section); however, this result will also vary depending on the region modelled and could be much higher in more complex coastline regions. The difference between the inundation rate simulated by methods O and C could also be an expression of the natural variability of extreme events. Indeed, if 1 SD of the method C mean offset is included, method C would result in inundation of North Somerset for a 1981-type stormtide event.
Sensitivity to MSL Rise Uncertainty
The effect of sea-level rise uncertainty to flood hazard and risk estimation is well known, and has been investigated for the Somerset, U.K., region by Purvis, Bates, and Hayes (2008) ; however, the sensitivity to MSL rise uncertainty is included in this article to understand the relative magnitude of uncertainty sources, before cascading these uncertainties when determining future flood risk to the region. The inundation difference for the three sea-level rise estimations for 2100 (0.18, 0.59, and 1.00 m) is shown in Figure 5C as a progressive flood plot, which indicates sea-level rise uncertainty has the greatest effect on the simulation of inundation extent (to this region) compared with the other major sources of uncertainty in inundation modelling. Sea-level rise uncertainty gave an overall inundation difference of 24.1 km 2 , and would be higher if a greater sea-level rise range was chosen. To represent, and clearly communicate, this sea-level rise uncertainty, we adopted the approach used in the ''Combined Uncertainties'' section, where sea-level rise is clearly communicated.
Combined Uncertainties
The uncertainty in future inundation modelling is known to be interdependent on the choice of the roughness parameter, the amount of sea-level rise, and the approach to the boundary condition. As summarized in Table 1 , the assumed ranges of uncertainty for each parameter were cascaded through the North Somerset LISFLOOD-FP model. Therefore, instead of a single estimate about the extent of inundation in North Somerset during a 1 in 250-year extreme high-water event occurring at Avonmouth in the future (i.e., applying the observed water levels, method O), an estimate can be made that includes the uncertainties of sea-level rise, the choice of boundary condition (we consider the natural variability of the storm-surge climate later in our discussion), and the selection of a roughness parameter within the model. This approach is summarized in Figure 6A , in which the area of North Somerset is inundated above the contour line (8.11 m ODN) of the highest astronomical tide. Figure 6A includes the various choices in boundary-forcing method (B.C. Uncertainty, which uses spatially varying, calibrated, roughness values) and the range of the combined inundation extent when the various boundaryforcing methods are propagated through the LISFLOOD model, assuming a uniform minimum and maximum roughness parameter choice (see Table 1 ); referred to as Total Uncertainty. Figure 6A indicates that choice of roughness parameter is significant (compared with other uncertainties) at higher sea-level rise projections (above 60 cm), but, overall, the choice of boundary-forcing approach is a much greater uncertainty (66% of the total area of Figure 6A ).
Annualised risk is defined as the total loss from a flood event divided by the probability of such an event: The 1981 storm event was determined to be an approximately 1:250-year event at Avonmouth, U.K., using the method of Dixon and Tawn (1997) . Therefore, assuming the total loss, if the LISFLOOD-FP model cell has an inundation depth greater than 10 cm, and estimates of £750,000 per 50-m ''urban'' grid cell and £375,000 per 50-m ''rural'' grid cell (see Purvis, Bates, and Hayes, 2008) , the annualised risk to the North Somerset, U.K., region, from a 1981 storm tide (at Avonmouth) occurring in the future, can be calculated for each inundation extent within the choice of boundary-forcing method uncertainty (using the spatially varying, calibrated, roughness parameters within the LIS-FLOOD model). The annualized risk from a 1 in 250-year extreme water level at Avonmouth, including the uncertainty of boundary-forcing method choice is shown in Figure 6B , which indicates the annualized flood risk to the North Somerset significantly increases (from a negligible level), for sea-level rise scenarios greater than 40-60 cm, depending on the choice of boundary-condition forcing method. This flood risk estimate is crude, not only because loss estimates were independent of water depth or flow velocity but also because the model resolution was too low to accurately refine flood wave propagation though an urban environment. Nevertheless, the wide spread of the annualised risk estimates shown in Figure 6B demonstrates the effect on future flood-risk estimations when the uncertainty of the boundary-forcing method (storm tide height-interpolation approach) is included.
DISCUSSION
The sensitivity of risk estimates, on future flood inundation hazard, to some major sources of uncertainty was tested using a validated LISFLOOD-FP model (Purvis, Bates, and Hayes, 2008; Smith, 2008) calibrated for the 1981 storm-tide flood event to the North Somerset region. Uncertainties from three major sources were propagated throughout the inundation model to determine the sensitivity of the flood-risk estimates to future uncertainties and to modelling choices. On the basis of this case study, the inundation-model sensitivity to regional MSL rise was found to be the greatest source of flood-hazard uncertainty; its contribution would be even greater if one assumed a greater future sea-level projection (e.g., Ramstorf, 2007) . This is not only due to the magnitude of uncertainty from projected MSL rise by 2100 but also to the spatial variation of storm-tide height and the uncertainty of the roughness parameter both being dependent on the total extreme water level. The UKCP09 (Lowe et al., 2009) made no attempt to quantify regional MSL rise projections by a probabilistic approach, and neither does this study because, instead, we choose to display a range of flood hazard estimates based on an accepted MSL rise range, which we believe communicates the uncertainty effectively.
The parameter choice for model roughness was found to have the smallest effect of parameters tested, especially for lower sea-level rise estimates (less than 60 cm). However, the choice of roughness parameter may be more important for different geographical regions (e.g., Aronica, Bates, and Horritt, 2002; Wohl, 1998) . Indeed, in dense urban environments, roughness parameterization (and, to an extent, model-grid resolution because of the scale dependency of the roughness term) is critical for correctly modelling inundation flows between buildings and making the flood-risk estimation (see Brown, Spencer, and Moller, 2007) . Nevertheless, it can be assumed that model sensitivity to the choice of roughness parameter within the inundation model is much less than its sensitivity to boundary-forcing uncertainty, especially considering the necessity of calibrating the inundation model and that the latest improvements in computational times for inundation models allow the creation of finer-resolution models (e.g., Bates, Horritt, and Fewtrell, 2010) .
The uncertainty regarding future changes in the stormsurge climate was investigated by Lowe et al. (2009) using the 11-ensemble member storm-surge projections for the Bristol Channel from the latest UKCP09 report, and a small, but significant, increase in the surge during the 50-year return period was found for the southwest U.K. (which includes our study region); however, our analysis indicates that there is no significant future change in the Bristol Channel. This is most likely because the spread of data decreases in the future, which affects the statistical model used to determine future changes to the surge-climate skew; however, this is part of current research. Nevertheless, our finding of no significant change to the future storm-surge climate of the Bristol Channel is consistent with previous conclusions of no change above natural variability (e.g., Langenberg et al., 1999) . This implies that changes to future U.K. extreme water levels are mainly driven by changes in the MSL, as observed by (Haigh, Robert, and Wells, 2010; Woodworth and Blackman, 2004) . For now, inundation models of future extreme sea levels should assume that storm-surge variability and return periods are best derived from observed data (for the U.K.).
This article investigated the choice of method for interpolating an extreme water-level estimate along a coastline as a boundary-forcing condition within the coastal inundation model. Although the uncertainty surrounding projections of Figure 6 . (A) The North Somerset, U.K., extent of inundation, and (B) the estimated annualised risk to North Somerset should a storm-tide event similar to that which occurred on December 13, 1981 (a 1:250-year extreme water level event), at Avonmouth, U.K., in 2100 (excluding breaching or wave overtopping), and including the uncertainties of sea-level rise and the choice of open-boundary forcing method (B.C. Uncertainty). The uncertainty generated by choice of Manning's roughness parameter was also included for the area inundated (A), by propagating the B.C. Uncertainty through the LISFLOOD model and assuming a uniform, minimum and maximum, plausible roughness-parameter scenario to give Total Uncertainty.
future sea-level rise was found to be the greatest source of uncertainty tested, the uncertainty surrounding the spatial variation of storm-tide height along the coast was found to significantly affect flood hazard and risk estimates for North Somerset, U.K., especially for projections of sea-level rise less than 60 cm. Therefore, the uncertainty surrounding the method of boundary-forcing condition needs to resolved or quantified for future estimates of coastal flood risk in the U.K. A storm tide is unlikely to have a constant probability of exceedence (return period) along a coastline, especially along a complex coastline. Examples of this include the 1953 North Sea event (see Wolf and Flather, 2005) , the 2007 North Sea early warning event (see Horsburgh, Flowerdew, and Mylne, 2008) , and the 1981 North Somerset flood event (see Proctor and Flather, 1989) . Storm surges are dependent on bathymetry and wind stress; therefore, not only are coastal topography and aspect important but also the effect that bathymetry has on surge and tide propagation into a region must be considered (see Pugh, 1996) . Future modellers of coastal inundation should not force an inundation model with an interpolated storm-tide height from a constant return period (method E). Instead, we propose a new method (method C) for determining the peak storm-tide height along a coastline based on the spatial characteristics of storm tide heights from the numerical model archive.
Our method (method C) is based upon the average spatial variation of storm tides in the Bristol Channel for all extreme events during a 15-year period, simulated within the U.K. Coastal Monitoring and Forecasting System (e.g., Horsburgh, Flowerdew, and Mylne, 2008) and should, therefore, be more realistic (physically) at predicting future, extreme storm-tide scenarios. Method C performs well for the 1981 storm-tide height estimation for Hinkley Point, U.K., especially considering the model is ignorant of this observation point. Method C does underpredict the wrack mark observations at Kingston Seymour, U.K., by approximately 30 cm. However, when considering the uncertainty in wrack marks (wrack marks tend to be overestimates because of wave setup and run-up) and the omission of wave setup, method C may be a better method of storm-tide height estimation for use in determining boundary conditions for inundation modelling when observations do not exist (e.g., future scenarios or regions of sparse tidegauge networks). Therefore, future work could reduce the uncertainty in method C through validation, a finer-resolution surge model, and the inclusion of wave setup.
The failure of the method C model to show inundation in the LISFLOOD 1981 re-creation, when inundation was observed, could be a concern. Although the 1981 defence-breaching events (see Clark and Ralph, 1982; Smith, 2008) were omitted from our LISFLOOD model (which could have contributed to method C's failure to cause inundation), method C did not produce storm-tide heights similar to the approaches based on the 1981 storm-tide observations (methods O and L). However, natural variability of storm-tide height (from storm-track variability, tide-surge interaction, local wind-stress fields, etc.) could account for the ''underperformance'' of method C in this test case. Indeed, natural variability of storm-tide height is likely to affect flood risk estimates greatly, as indicated by our sensitivity test. Interpolation approaches based on the 1981 water-level observations (methods O and L) cannot capture the natural spatial variability of extreme water levels along a coastline. If the spread of data used to calculate the mean offset of method C (see Figure 2) is included in the interpolated offset of method C, then the discrepancy between method C and method O (see Figure 4) can be accounted for, as can the difference between the observed inundation area and that simulated with method C. Additionally, our work (see Figure 2) indicated that the spread of data used to determine the offset within method C is normally distributed. Therefore, assuming 61 and 62 SD of the mean offset, interpolated along the LISFLOOD-FP boundary, should account for 68% and 95% of the uncertainty in the open-boundary condition due to the natural spatial variability of a future, extreme storm-tide height. This approach was applied to the Dixon and Tawn (1997) 1:250-year, extreme water level at Avonmouth, U.K., and propagated through the LISFLOOD-FP model, assuming the calibrated roughness values. The results of this approach are shown in Figure 7 (based on the methodology used for Figure 6 ), which, for the first time, expresses and communicates the uncertainty in the forcing-boundary condition of future flood hazard and risk estimates (sea-level rise and storm-tide spatial variability). The uncertainty associated with the 1:250-year extreme water level was omitted from this study because initial work (unpublished) showed that uncertainty to be much less than the uncertainties tested in this article.
CONCLUSION
Flood-hazard modelling of the uncertainty associated with inundation-model resolution and DEM accuracy was omitted from the study because previous work indicated the uncertainty of boundary forcing to be a greater (e.g., Brown, Spencer, and Moller, 2007) . This article focuses on one defended region as an example; however, for a naturally defended region (i.e., a wide beach), beach parameters (including wave run-up) may be as important (Gouldby et al., 2008) . Additionally, wind-wave effects (omitted from our study) may be very important in fully resolving the flood risks of nearshore processes, especially when those processes are combined with the uncertainty regarding defence breaching (see Sayers et al., 2002) . Future work should build on the conclusions of this article and fully quantify flood-risk uncertainty. Indeed, the uncertainty in method C could be reduced through validation, finer-resolution surge models, and the inclusion of wave setup. Nevertheless, this study identifies, rank-orders, and develops best approaches to what we believe are the key uncertainties in future coastal flood-hazard estimations using inundation models.
The choice of roughness parameter was found to have a relatively lower effect (than the other uncertainties tested) on the difference in flood extent and, thus, on the uncertainty in future flood risks. This effect of the roughness parameter on flood-risk uncertainty may be higher in other regions; however, if a well-calibrated, high-resolution inundation model is used, then the effect of this uncertainty is reduced further. Our statistical analysis into future changes to the storm-surge climate of the Bristol Channel, U.K., indicated no change above natural variability. Therefore, until shown otherwise, inundation models (for the U.K.) of future storm-tide scenarios should assume extreme water-level estimates derived from long-term observational data (e.g., Dixon and Tawn, 1997) .
No evidence was found of an extreme, peak water level (storm tide) having a constant probability of exceedence (return period) along a coastline, a point confirmed by our understanding of the physical processes of storm tides. Hence, the approach to forcing the open boundary in method E's inundation model is incorrect. Therefore, a new approach is proposed for determining the peak water level at the open coastal boundary within an inundation model: method C. Method C is based on the spatial characteristics of extreme storm tides within the region and enables an offset relative to one location to be established. This allows an extreme waterlevel scenario (e.g., 1:250-year storm tide) to be interpolated along the coastline, providing a much more likely water level along the coastline. Although method C has not been validated, its performance during the 1981 storm tide event at North Somerset was encouraging, especially considering the accuracy of the storm-tide estimation at the Hinkley Point tide gauge and method C's ignorance of that data point. However, there is an obvious scope for future work on this method. Indeed, a U.K.-wide, method C offset could be established for each of the tide gauges within the U.K. tide-gauge network; however, this study used one tide gauge as a calibration point to demonstrate the method's effectiveness and its potential for regions of high flood risk with few tide gauges, such as the Bay of Bengal.
The projections for MSL rise by 2100 vary widely (18-100 cm and above) because of the complex nature of such calculations, including the predictions of future societal behaviour. The projected range of sea-level rise has a huge effect on flood risk estimates (e.g., Purvis, Bates, and Hayes, 2008) , and in this work, the future MSL range was shown to be the greatest uncertainty in future flood-hazard estimations. Combining the uncertainty in the amount of sea-level rise with the uncertainty about the choice of forcing-boundary approach produced a wide range of inundation-extent estimates for future flood-risk estimations, building on the work of Purvis, Bates, and Hayes (2008) . As any sea-level rise within the 0.18-1.0-m range is possible, all possibilities must be considered in coastal floodrisk estimations. However, by applying the statistical range associated with the offset in method C and including a range of sea-level rise scenarios, a great deal of the uncertainty associated with flood-risk estimates for future, extreme, water-level scenarios can be effectively communicated to planners, policy makers, and the public, which is essential when considering recent climate-change publicity and the need for public support of government policies. Figure 7 . The estimated coastal flood hazard (LHS) and annualised risk (RHS) to the North Somerset, U.K., region of a 1:250-year extreme water-level event at Avonmouth, U.K., occurring in the future with estimated boundary condition uncertainties (B.C. Uncertainty) associated with the storm tide (sea-level rise and spatial variation of storm-tide height), based on the most recent understanding, but excluding coastal defence breaching and wave overtopping.
